Optical and optoelectronic techniques for micro-and nano-object manipulation are becoming essential tools in nano-and bio-technology. A remarkable optoelectronic technique that has experimented a strong development in the last few years is the so called photovoltaic optoelectronic tweezers. It is based on the light-induced electric fields generated by the bulk photovoltaic effect in certain ferroelectrics such as LiNbO3. The technique is simple and versatile, enabling a successful manipulation of a large variety of micro-and nano-objects with only optical control, without the need of electrodes or power supplies. However, it is still a challenge for this tool, to handle objects immersed in aqueous solution due to the electric screening effects of polar liquids.
Introduction
Optical manipulation has become a key tool for nano-and bio-technology. Main optical techniques are optical [1, 2] and optoelectronic tweezers [3, 4] . Optical tweezers are very efficient in the manipulation of single dielectric particles such as silica or polystyrene beads [5, 6] but, they use high intensities that can damage bio-systems [7, 8] . In turn, optoelectronic tweezers, that use a photoconductor substrate under an AC electric field, operate at lower intensities providing larger forces and are better adapted for massive particle manipulation. However, they need electrodes and power supplies that complicate the devices. In both approaches, the trapping effects disappear when the light is turned off preventing their use to fabricate stable traps or patterns. Recently, a new optoelectronic approach, that uses a patterned photoconductive coating to overcome this latter problem, has been proposed demonstrating remarkable results although the substrate fabrication is considerably more complicated [9] .
In the last decade another optoelectronic technique, the so called photovoltaic optoelectronic tweezers (PVOT), has been introduced [10] [11] [12] [13] . They are simpler because operate at low light intensity without electrodes or power supplies. Recently, PVOT have experimented a remarkable development, succeeding in the manipulation, trapping and patterning of a large variety of microand nano-objects including particles (metal, dielectric, organic…) (see References [14, 15] and references therein) and nonpolar liquid (oil) droplets [16] [17] [18] . They are based on the bulk photovoltaic effect that allows the light-induced generation of very high electric fields patterns (100-200 kV/cm) inside certain ferroelectrics such as LiNbO3:Fe (LN:Fe) [19] . These photoinduced electric fields extend outside the active optical material and are able to manipulate the micro-and nano-objects, mainly through dielectrophoretic forces [14, 20] .
The technique is very efficient for massive manipulation and patterning of nano-objects immersed in a non-polar fluid such as air, tetradecane or hexane [12, 14] . Moreover, at difference with other optical/optoelectronic techniques, the photovoltaic (PV) field remains after illumination giving stability to the patterns. The PVOT technique also shows remarkable reconfiguration capabilities [21, 22] . These properties allows efficient fabrication of a variety of nanoparticle patterns for different applications such as photonic devices [23] or plasmonic platforms [24] .
However, PVOT find serious difficulties to handle objects inside polar liquids such as aqueous solutions, due to their electric field screening effects, what seriously limit the potential applications in bio-photonics and biotechnology. Anyhow, a few interesting applications have been already reported, involving cells [25, 26] , bacteria [27] and pollen and spores grains [28] . Then, a new route to apply extensively the remarkable capabilities of those optoelectronic tweezers in aqueous solutions would be a key advance for biotechnological functionalities and would extend still more the applications of this powerful technique.
The novel strategy proposed in this paper consists in manipulating droplets of bio-aqueous solutions inside a nonpolar immiscible oil. Since recent trends in microfluidics use droplets to miniaturize the devices (droplet or digital microfluidics), our proposal open the door to its application in this vast and very active field [29, 30] and, in particular, to its application for lab-ona-chip devices overwhelmingly used in biotechnology [31] [32] [33] [34] . In fact, an important issue for these technologies are the development of efficient methods to manipulate the droplets inside the inactive/passive fluid medium. Among the diverse approaches [35] , optoelectronic methods, such as that proposed here, have been considered an efficient alternative.
Hence, in this work we have proposed and investigated the use of photovoltaic optoelectronic tweezers for manipulating water and aqueous bio-droplets inside a non-polar liquid medium.
There has been only one previous interesting work that has attempted to handle water droplets in air [16] that could be considered a non-polar fluid. However, the experiments have failed unless the substrate is covered with a hydrophobic coating [36] because the droplets in contact with the substrate increase their wettability and become immobile. In the present approach, this problem is overcome because, during manipulation, the droplets have no contact with the substrate. Two configurations of the optoelectronic substrate, the so called parallel and perpendicular configurations [14] , have been tested. Experiments of droplet guiding, splitting, and trapping, either at the interface or on the substrate are reported. Moreover, merging of two different droplets has been also achieved. The experiments have been developed for deionized water and for aqueous bio-droplets containing DNA and sperm solutions. A discussion on the physics of the manipulation process and on the possibilities of the technique is also included.
Physical basis of photovoltaic optoelectronic tweezers
PVOT are based on the bulk photovoltaic effect (BPE) presented by certain ferroelectric crystals (mainly lithium niobate doped with iron [14] but also with cupper [37] impurities). It consists in the appearance of an electric charge transport in the direction of the polar ferroelectric axis (c-axis) when the crystal is illuminated with visible light. It is due to asymmetric electron photoexcitation from donor (usually Fe 2+ ) impurities to the conduction band giving rise to a photovoltaic electric current density along the polar c-axis that can be written as [14] :
where, ϕ =I/hν, is the photon flux, α the absorption coefficient and lpv the photovoltaic effective drift length.
Photo-excited electrons finally get trapped in acceptor impurities (usually [Fe 3+ ]). This charge transport produces a light-induced electric field Epv that, in steady state, writes:
n being the steady-state density of photo-excited electrons, μ the electron mobility and jpv the current density given by Equation 1. This field extends near the surface outside the crystal as an evanescent field that can act either on neutral and charged micro-or nano-objects through dielectrophoretic (DEP) or electrophoretic (EP) forces, respectively, as explain in detail in previous works [14, 15] . There are two main useful geometries for the photovoltaic substrates, the parallel (x-or y-cut crystals) and perpendicular (z-cut crystals) configurations, which have the polar axis parallel or normal to the active surface, respectively [38] . The structure of the evanescent electric field is different for these two geometries (see Reference [39] and simulations of section 5) and so it is important to choose the adequate substrate orientation depending on the kind of the droplet manipulation process pursued.
Experimental strategy for aqueous droplet manipulation
As already mentioned, we propose a strategy for the PVOT manipulation of biological material, by acting on aqueous bio-droplets as highly polarizable "microparticles", immersed in a nonpolar immiscible oil, thus avoiding direct screening of the photo-induced electric fields. Fig. 1 shows the experimental arrangement used, which facilitates explaining the novel strategy. In Fig.   1 (a), a scheme of the optical system structure to operate with PVOT has been drawn. Basically, it consists of an optical microscope in which a laser beam is coupled through the objective lens of the microscope so that it can be focused on the active substrate. Specifically, we have used 1 mm Since water density is higher than paraffin oil density, a water droplet immersed inside the oil would fall onto the substrate by the gravity action. However, in our strategy the aqueous droplet is deposited on the oil surface, and stays hanging from the paraffin-air boundary, as shown in Fig.   1(b) , by the compensation of the apparent weight downward force with a net upward force. This latter force results from the sum of the air-water, water-paraffin and air-paraffin surface tension forces as it is explain in detail in Reference [40] . This fact is a key advantage of our method because it avoids droplet immobilizing on the substrate, due to the high wettability of water on LN even enhanced by the light-induced electric field [36] . This way easy and flexible optical manipulation of water droplets by a single laser beam will be achieved. The manipulation capabilities extend to droplets of a variety of aqueous liquids of interest in bio-photonics technology such as deionized water, PBS (cell culture medium), and aqueous solutions containing sperm, or even fluorescein tagged DNA.
Droplet manipulation results.
As mentioned, manipulation experiments pursue different kind of processes such as controlled droplet moving, trapping, merging and splitting. The two substrate geometries (z-and
x-cut) for which the symmetry of the photo-induced electric fields is different have been tested finding the best configuration for each manipulation process.
Droplet moving and trapping on the PV substrate
The first set of manipulation experiments has been developed with droplets from a variety of available aqueous liquids (water and DNA, sperm and PBS aqueous solutions) and using the perpendicular configuration (z-cut crystals). The droplet volumes ranged between 0. In the previous experiments, illumination and manipulation were carried out simultaneously but the manipulation process can be also made after illumination because, as mentioned, the PV fields remain in the dark. This sequential procedure has been mostly used in previous reported work for particle patterning [14] and has been also attempted here for all kind of droplets. The droplets are deposited at the air-paraffin interface after the substrate was illuminated during 1 minute. The droplet moves in the dark to the previously illuminated region and finally traps on the substrate.
The process is shown in Fig. 3 for a deionized water droplet.
Droplet trapping at the interface and merging of two droplets
In In addition, this capability enables another kind of manipulation process with high potential for a variety of applications in optofluidics: to merge two aqueous droplets. The merging experiment obviously requires depositing two droplets at the interface, and it is conducted as follows ( Fig. 5 ). One of the droplets is immobilized by illuminating at its center while the second 
Droplet splitting
Finally, the last kind of experiments have been devoted to attempt droplet splitting. To this end, we have used the parallel configuration (x-cut crystals) whose symmetry seems to be more appropriate, because it has a preferential direction (polar axis) on the active surface. Splitting is expected along this direction. In fact, although it was attempted no splitting results were obtained with the isotropic perpendicular configuration (z-cut crystals).
In order to get the droplet splitting the substrate has been illuminated (I = 1. It is worthwhile remarking that in this experiment, before splitting, the droplet was moved and immobilize at the interface [Figs. 6(a) -6(c)] demonstrating that these processes are also possible in the parallel configuration of the substrate. In addition, merging has been also obtained for this parallel substrate geometry although the perpendicular configuration could be considered preferable because operation needs a lower light intensity.
Discussion
In order to make a first qualitative analysis of the experiments, simulations of the PV electric fields and the corresponding DEP force and potential, under Gaussian beam illumination, have been developed. The details of the theoretical model can be found in several previous papers [41] [42] [43] and the corresponding simulations have been performed using the software COMSOL Multiphysics. In Fig. 7 Fig. 7(c) ], and exhibiting a symmetry axis parallel to the polar axis for x-cut [ Fig. 7(f) ]. The different charge and electric field structure of the two configurations is responsible for the differences in the manipulation capabilities (mainly regarding droplet splitting) found for the two substrate configurations. is not large enough the hanging droplet immobilizes at the interface, as it was found in Fig. 4 . In particular, this is useful for droplet merging: when two droplets are present, both are attracted to the illuminating region by DEP forces and they can be merged as seen in the experiments of Fig.   5 . It is remarkable that, the electric field and, so the DEP forces, remain after illumination and so, manipulation can be performed in the dark (Fig. 3) under the action of the same electrical forces invoked when light is present. On the one side, manipulation in the dark is another possibility for this flexible technique that can be advantageous in some cases, e.g. to avoid any damage effect of light on biomaterials. On the other side, it provides a further confirmation that photovoltaic electric fields are the origin of the manipulation processes. The last experiments consisting in droplet splitting ( Fig. 6 ) have been observed only in the parallel configuration (x-cut substrate). Splitting occurs along the polar axis just when the light beam is placed in the center of the droplet. This process can be understood in base of light-induced electric fields simulated in Fig. 7 , for x-cut. When the droplet is just at the illuminated region, it polarizes along the c-axis in such a way that its positive pole orientates toward the negative-charge substrate region and the negative pole toward the positive charge substrate region. Then, electric forces elongate the droplet and they can split it when its size and the distance to the substrate take suitable values. In fact, the time evolution of the light-induced charge distribution on the crystal should favor the process: the distance between the positive and negative substrate charge regions increases with time facilitating the droplet splitting. Finally, other manipulation processes, moving trapping and merging, also observed in this parallel configuration can be qualitatively explained by DEP forces, analogously to the case of the perpendicular geometry.
Summary and Outlook
A strategy to manipulate water-and bio-droplets by photovoltaic optoelectronic tweezers has been proposed and demonstrated, overcoming a main remaining challenge of these tweezers.
Among optoeletronic methods, the technique presented here is simple and cheap. It uses a laser beam that generates the active electric fields in the photovoltaic substrate (LN:Fe) without electrodes or power supplies, and without any further processing of its surface. The method shows key valuable advantages: the droplet hanging at the interface can be manipulated easily and a variety of processes, guiding, trapping at the interface and on the substrate, merging of two droplets and splitting, can be realized. These functionalities stem from the peculiar behavior of the hanging droplet and the flexible manipulation capabilities presented by PVOT, including, those provided by the two crystal geometries (parallel and perpendicular) and, those arising by the operation under illumination or after it in the dark. Therefore, the main outcome of this work is removing the bottleneck existing for flexible manipulation of water and aqueous biodroplets by PVOT providing an efficient tool for optofluidic applications in bio-and nano-technology.
Regarding applications for biotechnology devices, DNA aqueous droplets, diluted sperm and PBS (for cell culture) droplets have been manipulated and so, applications in genetics or cell biology are envisaged. Moreover, one can expect that the manipulation capabilities also extend for any other aqueous droplets with application in diverse areas of biology, physics or chemistry. In addition, the method is well adapted to be implemented in optofluidic devices. For instance, the ability of optically controlled droplet merging is a key capability for applications in chemical synthesis or biotechnological essays [29] .
In fact, in some previous works using PVOT, the action on particles immersed in non-polar liquids, has been developed inside microfluidic chips [12, 44] . Furthermore, ferroelectric platforms based in lithium niobate have been already used to generate tiny droplets using the pyroelectric effect [45, 46] or the photovoltaic effect [47] . Then, particularly in the latter case, one could combine in the same optically controlled platform, droplet generation and manipulation functionalities. Further developments in these directions should provide key advances in the near future.
